Reported matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) identification rates of Gram-positive rods (GPR) are low compared to identification rates of Gram-positive cocci. In this study, three sample preparation methods were compared for MALDI-TOF MS identification of 190 well-characterized GPR strains: direct transfer, direct transfer-formic acid preparation, and ethanol-formic acid extraction. Using the interpretation criteria recommended by the manufacturer, identification rates were significantly higher for direct transfer-formic acid preparation and ethanol-formic acid extraction than for direct transfer. Reducing the species cutoff from 2.0 to 1.7 significantly increased species identification rates. In a subsequent prospective study, 215 clinical GPR isolates were analyzed by MALDI-TOF MS, and the results were compared to those for identification using conventional methods, with discrepancies being resolved by 16S rRNA and rpoB gene analysis. Using the direct transfer-formic acid preparation and a species cutoff of 1.7, congruencies on the genus and species levels of 87.4% and 79.1%, respectively, were achieved. In addition, the rate of nonidentified isolates dropped from 12.1% to 5.6% when using an extended database, i.e., the Bruker database amended by reference spectra of the 190 GPR of the retrospective study. Our data demonstrate three ways to improve GPR identification by the Bruker MALDI Biotyper, (i) optimize sample preparation using formic acid, (ii) reduce cutoff scores for species identification, and (iii) expand the database. Based on our results, we suggest an identification algorithm for the clinical laboratory combining MALDI-TOF MS with nucleic acid sequencing.
T raditionally, identification of Gram-positive rods (GPR) in clinical diagnostic laboratories is based on morphological and biochemical criteria (1) . During the last 2 decades, molecular approaches such as 16S rRNA gene sequence analysis have been implemented to complement or replace conventional identification algorithms (1) . However, molecular techniques remain costly and are available in only a few routine clinical laboratories. Recently, matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) emerged as a novel and costsaving approach in diagnostic microbiology for the identification of bacteria and fungi (2, 3) . Different MALDI-TOF MS systems for microbial identification have been established, including the MALDI Biotyper (Bruker Daltonik GmbH, Bremen, Germany), Vitek MS (bioMérieux, Marcy l'Etoile, France), and the Andromas system (Andromas SAS, Paris, France). MALDI-TOF MS systems are based on the acquisition of a mass spectrum of an unknown organism and its comparison with reference databases for identification (4) (5) (6) . The systems differ mainly in the sample preparation procedures, the species coverage of the reference database, and the identification algorithm of the software (7) (8) (9) (10) .
Most studies addressing the use of MALDI-TOF MS for the identification of bacteria in the diagnostic laboratory have focused on the analysis of Gram-negative bacteria and Gram-positive cocci and included only a few GPR (2, 3, 7, (9) (10) (11) (12) . Identification by MALDI-TOF MS has been analyzed for single genera of GPR, such as Corynebacterium (13) (14) (15) , Actinomyces (16) , Nocardia (17) , Listeria (18) , anaerobic GPR (19) , and difficult-to-identify GPR (20, 21) . These studies were mostly done using the Bruker MALDI Biotyper system and indicated that sample preparation by the direct transfer procedure without additional modification is not sufficient for accurate identification of GPR but that a chemical extraction method is required. This extraction method, however, involves additional preparatory steps, significantly increasing processing time (22) , and seems, therefore, not suitable for highthroughput applications as required in clinical diagnostic laboratories. An adapted direct transfer method with on-target formic acid treatment leading to in situ cell lysis holds promise for increased identification rates without time-consuming extraction (23) . Similar identification rates were reported for Corynebacterium spp. and anaerobic bacteria when on-target formic acid preparation and extraction were compared (19, 24) . An alternative preparation method with on-target ethanol treatment was described by Farfour et al. (25) , who analyzed a large collection of GPR using the Andromas system and reported accurate species identification. Few studies have systematically compared different sample preparation methods for the identification of GPR with MALDI-TOF MS (13, 24, 26) .
In this study, we evaluated the MALDI Biotyper (Bruker Daltonik) for identification of clinical GPR strains. In the first, retrospective part of the study, we analyzed 190 well-characterized GPR strains from our strain collection, including 64 species from 21 genera. We compared identification rates of three sample prepa-ration methods (direct transfer, direct transfer-formic acid preparation with on-target formic acid treatment, and ethanol-formic acid extraction) using standard interpretation criteria of the manufacturer and individual species and genus identification cutoff values. Based on the data from the retrospective study, we selected the direct transfer-formic acid preparation for the second, prospective part of the study, where we compared MALDI-TOF MSbased identification with the current identification algorithm used in our laboratory (n ϭ 215 isolates) (1). We defined reliable species and genus identifications for GPR, and we propose a practical algorithm of GPR identification for the routine laboratory integrating MALDI-TOF MS-based identification.
MATERIALS AND METHODS
Bacterial strains and culture conditions. For the retrospective part of the study, we selected 190 Gram-positive rods (GPR) from the institute's strain collection, including the clinically most relevant genera, i.e., Actinomyces (n ϭ 45 strains) and Corynebacterium (n ϭ 81 strains), as well as more rarely encountered genera (n ϭ 64 strains), such as Actinobaculum, Dermabacter, Nocardia, Rothia, and Trueperella (see Table S1 in the supplemental material). The strains were characterized by phenotypic methods and 16S rRNA gene analysis, which was considered the gold standard for identification. For Corynebacterium spp., additional rpoB gene sequencing was done when the discriminatory power of the biochemical testing and 16S rRNA gene analysis was insufficient (see the identification of Corynebacterium spp. below). In the prospective part of the study (February 2012 to September 2012), a total of 215 clinical GPR isolates were identified in parallel by (i) MALDI-TOF MS and (ii) our conventional identification algorithm (1) . Per this algorithm, identification was based on phenotypic characteristics only for 144 out of 215 isolates; for 71 out of 215 isolates, additional 16S rRNA gene sequence analyses were done. Bacteria were routinely cultivated on Columbia agar containing 5% sheep blood (bioMérieux) at 37°C with 7.5% CO 2 for 24 to 48 h for MALDI-TOF MS measurement. Nocardia spp. were grown aerobically at 30°C, and Propionibacterium spp. were grown under anaerobic conditions.
Identification of Corynebacterium species. Species assignments by 16S rRNA gene analysis of Corynebacterium spp. with high homology of 16S rRNA gene sequences (27) , i.e., C. afermentans/C. coyleae/C. mucifaciens, C. aurimucosum/C. minutissimum/C. singulare, C. macginleyi/C. accolens, and C. propinquum/C. pseudodiphtheriticum, were confirmed by biochemical testing. When the biochemical reaction pattern did not allow unambiguous species assignment according to Bergey's Manual of Systematic Bacteriology (27) , rpoB sequence analysis was done. rpoB analysis confirmed the identifications by 16S rRNA gene analysis for all isolates, except one C. mucifaciens isolate which was more closely related to C. afermentans by rpoB sequence analysis, and thus, was assigned to Corynebacterium sp. only.
Phenotypic identification. GPR were identified by means of biochemical reactions according to those reported by von Graevenitz and Funke (28) , including catalase; acid production from glucose, maltose, sucrose, mannitol, and xylose in semisolid cysteine-Trypticase agar medium; motility; nitrate reduction; hydrolysis of urea; hydrolysis of esculin; the CAMP test; and a test for lipophilicity.
16S rRNA gene analysis. Identification by partial 16S rRNA gene sequence analysis was done according to CLSI guidelines (29) and as described by Bosshard et al. (1) . A 16S rDNA fragment, corresponding to Escherichia coli positions 10 to 806, was amplified using primers BAK11w (5=-AGTTTGATC[A/C]TGGCTCAG) and BAK2 (5=-GGACTAC[C/T/A] AGGGTATCTAAT), and sequenced with the forward primer BAK11w (1). For identification, the following criteria were used: (i) species identification when the determined sequence had a similarity score of Ն99% with that of a reference sequence of a classified species, (ii) genus assignment when the similarity score was Ͻ99% and Ն95%, and (iii) family assignment when the similarity score was Ͻ95% (1). rpoB gene analysis. Sequence analysis of the partial rpoB gene of Corynebacterium spp. was done as previously described (30) . Species assignment required Ն95% sequence similarity (31) .
Sample preparation for MALDI-TOF MS. Preparations of bacterial isolates for MALDI-TOF MS measurement were done as previously described (22, 23) . Briefly, for the direct transfer method, fresh colony material was smeared on a polished steel MSP 96 target (Bruker Daltonik) using a toothpick, overlaid with 1 l of a saturated a-cyano-4-hydroxycinnamic acid (HCCA) matrix solution in 50% acetonitrile-2.5% trifluoroacetic acid (Bruker Daltonik), and air dried at room temperature. For the direct transfer-formic acid method, 1 l of 70% formic acid was added to the bacterial spot and allowed to air dry before the matrix solution was added. For the ethanol-formic acid extraction procedure, a loopful of bacterial material was suspended in 300 l distilled water, and 900 l ethanol was added. The cell suspension was centrifuged at 17,000 ϫ g for 2 min, and the supernatant was discarded. The centrifugation was repeated, and the residual ethanol was discarded. The pellet was air dried and thoroughly resuspended in 5 to 50 l formic acid-water (70:30 [vol/ vol]) depending on the size, and finally, an equal volume of acetonitrile was added. After centrifugation at 17,000 ϫ g for 2 min, 1 l of the supernatant was transferred to the MALDI target plate and allowed to dry at room temperature before being overlaid with 1 l of matrix solution.
MALDI-TOF MS analysis. The acquisition and analysis of mass spectra were performed by a Microflex LT mass spectrometer (Bruker Daltonik) using the MALDI Biotyper software package (version 3.0) with the reference database version 3.1.2.0 (3,995 database entries) (Bruker Daltonik) and default parameter settings as published previously (32) . The Bruker bacterial test standard (Bruker Daltonik) was used for calibration according to the instructions of the manufacturer. For each strain, two preparations of colony/sample material were analyzed.
MALDI-TOF MS data interpretation. The Biotyper software compares each sample mass spectrum to the reference mass spectra in the database, calculates an arbitrary unit score value between 0 and 3 reflecting the similarity between the sample and the reference spectrum, and displays the top 10 matching database records. Standard Bruker interpretative criteria were applied (32) . Briefly, scores of Ն2.0 were accepted for species assignment and scores of Ն1.7 but Ͻ2.0 for identification to the genus level. Scores below 1.7 were considered unreliable. Variations of the cutoff score values were done by reducing the species cutoff values to 1.9, 1.8, and 1.7, and the genus cutoff values to 1.6 and 1.5, followed by reinterpreting the top 10 matching database records.
Generation of in-house reference database. Reference spectra were created for all 190 clinical strains of the retrospective study and added to the Bruker database version 3.1.2.0. For each strain, a set of 24 spectra was measured and checked manually for flat-line, outlier, and single spectra with peaks differing form the other spectra. Questionable spectra were removed, and a total of 20 to 24 spectra were used to calculate a reference spectrum, using the automated function of the Biotyper software.
Discrepancy analysis. Discrepancies between MALDI-TOF MS and phenotypic identification were resolved by 16S rRNA gene and rpoB gene sequence analyses, which were considered the gold standards for identification (1, 30, 31) .
Statistical analysis. Statistical calculations were done using IBM SPSS Statistics software, version 20 (SPSS, Inc., Chicago, IL). Overall differences among the three MALDI-TOF MS preparation methods (direct transfer, direct transfer-formic acid preparation, and ethanol-formic acid extraction) and the tested cutoff score values were evaluated using the Kruskal-Wallis test. Follow-up tests were conducted using the MannWhitney U test for pairwise comparison of the three preparation methods and the different cutoff score values. Chance agreement between direct transfer-formic acid preparation and ethanol-formic acid extraction was evaluated with an interrater reliability analysis using the Kappa statistics (33) . Differences were considered statistically significant at P values of Ͻ0.05.
Nucleotide sequence accession numbers. 16S rRNA gene sequences of the retrospective and prospective parts of the study are accessible at GenBank under accession numbers KF925884 to KF926073 and KJ081453 to KJ081536. rpoB gene sequences are accessible at GenBank under accession numbers KJ081537 to KJ081544 and KJ150303 to KJ150321.
RESULTS

Retrospective study. (i) MALDI Biotyper identification rates of
Gram-positive rods (GPR) are increased by formic acid treatment. We evaluated the Bruker MALDI Biotyper system by analyzing 190 well-characterized clinical GPR isolates, including 64 species from 21 genera (see Table S1 in the supplemental material). When applying the direct transfer sample preparation method and the standard interpretation criteria of the manufacturer, i.e., a species cutoff score value of 2.0 and a genus cutoff score value of 1.7, the MALDI Biotyper correctly identified 137 of 190 strains (72.1%) at the genus level (Table 1) . Correct identification at the species level was achieved for 70 of 190 strains (36.8%). Genus and species identification rates significantly increased to 84.7% and 61.1%, respectively, when we used direct transfer-formic acid sample preparation with on-target formic acid treatment (Z ϭ Ϫ4.63, P Ͻ 0.001, and Z ϭ Ϫ2.99, P ϭ 0.003, for genus and species identification of direct transfer and direct transfer-formic acid preparation, respectively). Comparable increases in identification rates to 87.4% and 62.1% for genus and species identifications, respectively, were observed for the ethanol-formic acid extraction. The differences between direct trans- fer-formic acid preparation and ethanol-formic extractions were not significant (Z ϭ Ϫ0.37, P ϭ 0.710, and Z ϭ Ϫ0.74, P ϭ 0.460, for the comparison of species and genus identification, respectively). In order to calculate the strength of agreement between these two methods, kappa statistical analysis was performed. The kappa coefficient for the direct transfer-formic acid method and the ethanol-formic acid extraction was 0.81 (P Ͻ 0.001, 95% confidence interval [CI], 0.73, 0.88). This indicates almost perfect agreement between these two methods (33) . Genus and species identification rates varied between different genera (Table 1 ; also see Table S2 in the supplemental material). For Actinobaculum, Dermabacter, Lactobacillus, Rothia, and Trueperella, genus identification was achieved for all strains tested, independently of the sample preparation method. In contrast, for the Nocardia strains, genus identification rates varied between 25.0% and 37.5% for the different preparation methods. Direct transfer-formic acid preparation and ethanol-formic acid extraction increased the average MALDI score values by 0.15 and 0.17 score units, respectively, as compared to direct transfer. No mass spectra (no peaks) were detected in 4.6% and 1.6% of the measurements when direct transfer or direct transfer-formic acid preparation was used, respectively. The majority of no-peaks results were observed for Nocardia spp. and two distinct species of the genus Corynebacterium, i.e., C. mucifaciens and C. pyruviciproducens. No-peaks results were not observed for the ethanol-formic acid extraction procedure.
(ii) Species coverage of the Bruker reference database. Species of 21 genera covered by 904 reference entries in the Bruker database version 3.1.2.0 were analyzed in the retrospective part of the study. Four species tested in the present work were not included in the database, i.e., Actinomyces johnsonii, Corynebacterium pyruviciproducens, "Corynebacterium pseudogenitalium,"and Paenibacillus campinasensis. While A. johnsonii and P. campinasensis were not identified by MALDI-TOF MS, most of the C. pyruviciproducens and "C. pseudogenitalium" strains were assigned to the genus Corynebacterium when the direct transferformic acid or the ethanol-formic acid procedure was used.
(iii) Low discrimination at the species level using the MALDI Biotyper. For some isolates, MALDI-TOF MS identification rank lists showed scores of Ն2.0 for Ͼ1 species, resulting in species inconsistency and identification to the genus level only. Such low discrimination at the species level was observed for the following strains: Corynebacterium aurimucosum (scores were Ն2.0 for C. aurimucosum/minutissimum), Corynebacterium simulans (scores were Ն2.0 for C. simulans/striatum), Lactobacillus gasseri (scores were Ն2.0 for L. gasseri/johnsonii), and Listeria monocytogenes (scores were Ն2.0 for L. monocytogenes/ivanovii/innocua). We observed low species discrimination more frequently when applying direct transfer-formic acid preparation (2.6%) and ethanol-formic acid extraction (2.6%) but less frequently when using the direct transfer method (1.6%). In all cases, the species with the highest score corresponded to the identification determined by phenotypic and molecular methods representing the gold standard.
(iv) Misidentifications using the MALDI Biotyper. MALDI-TOF MS analysis of Rhodococcus gordoniae, Rhodococcus corynebacterioides, Terrabacter tumescens, and Gordonia terrae regularly produced poor-quality or no mass spectra, preventing identification. In addition, identification as Arthrobacter castelli was occasionally observed for these strains. The latter discrepancy is apparently due to the matching of a poor-quality spectrum with the reference spectrum of A. castelli. One Rhodococcus gordoniae strain (species assignment by 16S rRNA gene analysis) was identified by MALDI-TOF MS as Rhodococcus rhodochrous.
(v) Individual cutoff score values for species and genus identification. Standard cutoff score values for species and genus identification are set to 2.0 and 1.7 by the manufacturer. We evaluated the effects of reducing the species and genus cutoff values from 2.0 to 1.9, 1.8, and 1.7, and from 1.7 to 1.6 and 1.5, respectively (Table  1 ; also see Table S2 in the supplemental material). Overall, reduction of the genus cutoff value marginally increased identification rates. The cutoff reduction was accompanied by increasing numbers of low-discrimination results at the genus level and by more misidentifications (low-discrimination rates of 0% versus 2% and misidentification rates of 0% versus 1% when applying genuslevel cutoff scores of 1.7 and 1.5, respectively). In particular, Actinomyces isolates were identified as Acinetobacter sp., Arthrobacter sp., or Pseudomonas sp., and one Corynebacterium isolate was assigned to the genus Clostridium.
Significantly higher species identification rates were observed for all three preparation methods when lower species cutoff values were applied (Table 1 ; also see Table S2 in the supplemental material). Reducing the species cutoff from 2.0 to 1.7 increased identification rates from 36.8% to 63.7%, from 61.1% to 68.4%, and from 62.1% to 71.6% for direct transfer, direct transfer-formic acid preparation, and ethanol-formic acid extraction, respectively. Using a cutoff of 1.7, the species identification rates of direct transfer, direct transfer-formic acid preparation, and ethanol-formic acid extraction no longer differed significantly ( 2 [2, n ϭ 570] ϭ 5.65, P ϭ 0.059, with the Kruskal-Wallis test). However, at the same time, the rate of low-discrimination results increased from 1.6% to 5.8% (species cutoff of 2.0 versus 1.7) for direct transfer, and from 2.6% to 10% for direct transfer-formic acid preparation and ethanol-formic acid extraction. The higher rates of low discrimination at the species level were mainly due to less differentiation between C. aurimucosum/minutissimum, C. striatum/simulans, L. gasseri/johnsonii, L. rhamnosus/casei, L. monocytogenes/innocua, and Rhodococcus corynebacterioides/kroppenstedtii. Reducing the species cutoff from 2.0 to 1.7 increased the rate of misidentifications from 0.5% to 5% for all three methods. The increase in misidentification rates was caused by (i) the misidentification of Rhodococcus corynebacterioides as Rhodococcus kroppenstedtii and (ii) the misidentification of "C. pseudogenitalium" as "Corynebacterium lipophile."
Prospective study. (i) Comparison of MALDI-TOF MS identification with the conventional identification algorithm (phenotypic, genotypic) in the routine diagnostic laboratory.
In a prospective study, 215 clinically relevant GPR isolates, including 13 genera and 36 species, were identified by MALDI-TOF MS and according to the conventional identification algorithm as previously published (1). The MALDI Biotyper system was used with the direct transfer-formic acid sample preparation method applying the Bruker database version 3.1.2.0. (3,995 entries), and a species-level identification cutoff score value of 2.0 (Table 2) . Overall, for 188 of 215 isolates (87.4%), congruence on the genus level was observed between conventional and MALDI-TOF MS identification. Of 215 isolates, 133 (61.9%) yielded concordant species identification, and 26 of 215 isolates (12.1%) were not identified by MALDI-TOF MS.
Spectra that did not yield a score Ն2.0 were reanalyzed using a species cutoff of 1.7. This significantly increased the total number of congruent species results of conventional and MALDI-TOF MS identification from 133 (61.9%) to 170 (79.1%) ( Table 2 ). In particular, a major increase of the identification rate from 10% to 75% was observed for Corynebacterium tuberculostearicum. We observed discrepancies on the genus and/or species level for 18 isolates (8.4%) when using a species cutoff of 1.7 (Table 3) . For 3 of these 18 isolates, identification by molecular reference methods (16S rRNA gene and/or rpoB gene sequencing) confirmed species identification by MALDI-TOF MS. For 11 out of 18 isolates, MALDI-TOF MS allowed assignment to the species level, while 16S rRNA gene sequence analysis allowed assignment to the genus level only. Two biochemical misidentifications were observed. One C. propinquum was misidentified as C. pseudodiphtheriticum, and one "C. pseudogenitalium" was misidentified as C. tuberculostearicum. For one Propionibacterium avidum, low discrimination of P. avidum and Propionibacterium propionicum by MALDI-TOF MS was observed. One discrepancy on the genus level was observed (MALDI-TOF MS identification, Actinobaculum schaalii; 16S rRNA gene analysis, Alloscardovia omnicolens). Closer analysis revealed the presence of a mixed culture of A. schaalii and A. omnicolens.
Application of our amended Bruker-IMM database, i.e., an extended database combining the commercially available Bruker database with the in-house-generated reference spectra from the retrospective study, increased the number of congruent genus and species identifications from 188 to 202 (94.0%) and from 170 to 180 (83.7%), respectively. The rate of nonidentifications was reduced to 5.6%. In particular, 14 isolates that were previously not identified by MALDI-TOF MS were identified as Actinomyces odontolyticus (3 isolates), Actinomyces urogenitalis (1 isolate), Actinomyces sp. (3 isolates), Bifidobacterium breve (1 isolate), Corynebacterium imitans (1 isolate), Corynebacterium pyruviciproducens (1 isolate), and Corynebacterium tuberculostearicum (4 isolates).
DISCUSSION
MALDI-TOF MS is increasingly used in diagnostic laboratories
for the identification of bacteria and fungi. We have analyzed the performance of the Bruker MALDI Biotyper system for the identification of GPR and evaluated possible ways to improve its performance, i.e., different sample preparation methods, data interpretation algorithms (particularly the variation of score cutoff values), and extension of the database by proprietary reference entries.
Sample preparation. Using the manufacturer's standard interpretation criteria, i.e., a genus cutoff of 1.7 and a species cutoff of 2.0 in combination with the direct transfer method, identification rates of 72.1%, and 36.8% were achieved at the genus and species levels, respectively. Treatment of the sample with formic acid by either on-target overlay or tube-based extraction significantly increased genus and species identification rates to approximately 85% and 60%, respectively (Table 1) . Identification rates for the direct transfer-formic acid method were comparable to those of the ethanol-formic acid extraction procedure that is considered the gold standard and which is used to generate the reference database. These findings are in agreement with previous reports which indicated that on-target treatment with formic acid or ethanol-formic acid extraction improved identification of GPR by MALDI-TOF MS (13, 14, 24, 26) . However, the ethanol-formic acid procedure includes various manual preparation steps and is time-consuming (22) . In contrast, total time to result is only moderately increased by the direct transfer-formic acid method compared to direct transfer (32) , and thus seems more suited for routine use in diagnostic laboratories. While this study was in progress, Farfour et al. analyzed a large collection of GPR using the Andromas system (25) and reported accurate species identification of GPR using direct transfer with additional ethanol treatment.
Individual data interpretation algorithms. Reducing the genus cutoff value from 1.7 to 1.5 only slightly increased overall genus identification rates for direct transfer and ethanol-formic acid extraction (from 72.1% to 76.3% and from 87.4% to 89.5%, respectively), while the identification rate for direct transfer-formic acid preparation remained constant at 84.7% (Table 1) . At the same time, a genus cutoff score value of 1.5 resulted in an increased misidentification of 1% of the isolates. In contrast to genus identification, species identification was significantly enhanced by reducing the species cutoff value from 2.0 to 1.7 independent of the preparation method applied (36.8% versus 63.7%, 61.1% versus 68.4%, and 62.1% versus 71.6% for direct transfer, direct transfer-formic acid preparation, and ethanol-formic acid extraction, respectively). These results are in agreement with previous studies on MALDI-TOF MS identification of GPR, such as Corynebacterium spp., anaerobic GPR, and difficult-toidentify GPR, which all support the application of a lower species cutoff (mostly 1.7) to increase the MALDI-TOF MS identification rate (13, (19) (20) (21) 26) . Reducing the cutoff value increased the number of low discriminations and misidentifications. However, this effect was limited to certain species and reflects taxonomic inconsistencies rather than technical problems. The most frequent discrepancy was the misidentification of "C. pseudogenitalium" (per 16S rRNA gene analysis) as "C. lipophile." "C. lipophile" is not an officially validated species, and the assignment of the single "C. lipophile" isolate in the Bruker database is unclear. Unfortunately, "C. pseudogenitalium" is not included in the Bruker database. It was described by Furness et al. (34) but has not yet been officially added to the list of recognized species, and would thus be better referred to as "Candidatus Corynebacterium pseudogenitalium." As "C. lipophile" is not an officially accepted species name, we suggest that MALDI-TOF MS identifications of "C. lipophile" be ignored and that alternative identification methods be used for such isolates until additional entries have been added to the MALDI database and/or the taxonomy has been clarified. In conclusion, reducing the genus cutoff score value offers minimal gain of information but an increased number of misidentifications. In contrast, lower species cutoff values lead to significantly increased identification rates, thus, reducing the necessity for additional tests and increasing the efficiency of the laboratory workflow in terms of labor and costs. To avoid the problem of low discrimination at the species level, we suggest using a two-step interpretation: In a first step, data interpretation should be done according to the standard criteria of the manufacturer (species cutoff value 2.0). In a second step, the Biotyper results list should be reinterpreted, with the application of a lower species cutoff (preferably 1.7) for those isolates that did not yield species identification when using the standard species cutoff value of 2.0.
Coverage of the reference database. Analyses of some more rarely encountered genera and species were limited to the retrospective part of the study. Several species are not included in the commercial Biotyper database, e.g., A. johnsonii, C. pyruviciproducens, "C. pseudogenitalium," and P. campinasensis. Addition of those and other reference spectra from the extended in-house database that was generated in the retrospective study part increased the overall identification rate from 71.9% (commercial database) to 83.7% (commercial database amended with in-house database). As a consequence, the rate of nonidentifications was reduced to 5.6%. Thus, the addition of single spectra of rarely isolated species significantly improved the performance of the Biotyper system. Proprietary in-house reference spectra were provided to Bruker Daltonik for integrating selected data sets into the commercial database.
Identification of the clinically most common GPR isolates by MALDI-TOF MS in the prospective study yielded genus and species identifications of 87.4% and 79.1%, respectively, and was highly reliable. The identification rates were, however, lower than those reported for Gram-positive cocci (9, 26, 32) . Apart from "C. lipophile," no misidentifications occurred.
MALDI-TOF MS identification versus established identification algorithm. The current aerobic GPR identification algorithm in our clinical laboratory relies on a two-step procedure that com- , Genera and species with Ͻ3 correctly identified isolates were not integrated in this algorithm. It is suggested that these isolates be identified by molecular analysis until sufficient data are available to update the approved lists; * 2 , 16S rRNA gene and rpoB gene sequencing as described previously (1, 30, 31) . bines phenotypic and molecular methods (1) . In a first step, GPR isolates are identified by phenotypic and biochemical traits. For clinically relevant isolates, which are not identified to species level in this first step, 16S rRNA gene sequence analysis is done in a second step. Thirty-three percent of the isolates in the prospective study could not be identified to the species level by phenotypic methods and were subjected to 16S rRNA gene analysis. By MALDI-TOF MS, using the Bruker database and a species cutoff of 2.0, 33% of the isolates were also not identified to the species level (data not shown). Reduction of the species cutoff to 1.7 increased the species identification rate to 79.1%. The additional use of our extended in-house database further reduced the percentage of isolates not identified to the species level by MALDI-TOF MS to 16.3%. Thus, replacing phenotypic methods by MALDI-TOF MS has the potential to significantly reduce the amount of isolates which need to be sequenced for proper identification. We propose an adapted diagnostic algorithm for the clinical laboratory by combining MALDI-TOF MS and nucleic acid sequencing (Fig. 1) . Isolates are first identified by MALDI-TOF MS, and 16S rRNA gene analysis is done only if no species identification is achieved. Additional rpoB gene sequencing is required for the identification of Corynebacterium spp. when the 16S rRNA target fails to discriminate closely related species. To optimize the species identification rate without increasing numbers of low discrimination, a species cutoff of 2.0 is first applied. For isolates that are not identified to the species level, a species cutoff of 1.7 is subsequently used.
In conclusion, this study showed that the identification of GPR by the Bruker MALDI Biotyper is highly reliable, although identification rates are generally lower than those for Gram-positive cocci or Gram-negative bacteria. Identification rates can be improved by (i) using direct transfer-formic acid sample preparation, (ii) reducing the species cutoff score value, and (iii) by expanding the commercial database with in-house-generated reference spectra. Based on our data, we suggest a practical algorithm combining MALDI-TOF MS with nucleic acid sequence analysis for the identification of GPR in clinical laboratories. This algorithm is based on the current manufacturers system setup (i.e., score value cutoffs and consistency rules), but includes cutoff value variations if no species identification can be achieved by the standard rules. This algorithm covers the most frequently found genera and species and can easily be complemented by validated new database entries.
